Abstract: An optical fiber Fabry-Pérot interferometer (FPI) based on an air cavity with a microchannel is proposed and demonstrated for gas pressure measurement. The inner air cavity is fabricated by fusion splicing a single-mode fiber (SMF) with a microhole at the end facet to another section of SMF, then creating a microchannel to vertically cross the air cavity to allow gas to flow in. As the air cavity is cascaded to a short section of SMF, a three-beam interference pattern is produced, which shifts with the gas pressure variation in the inner air cavity due to the refractive index change of the gas. In order to compensate the temperature effect, the multiple-dip tracing technique and the Fourier band pass filtering (FBPF) method are used simultaneously for gas pressure and temperature measurement. It is also found that by using the FBPF method, the gas pressure sensitivity does not depend on the resonant peaks/dips selected in the filtered spectrum of the device. The proposed device has a robust tip structure, miniature size, and high sensitivity (∼4.028 nm/MPa) and is easy to fabricate, which makes it attractive for highly sensitive and precise gas pressure measurement.
Introduction
Owing to the simple and compact structure, good stability and high sensitivity, optical fiber gas pressure sensors have gained much research attention. Different gas pressure sensor designs have been proposed such as those with fiber Bragg gratings (FBGs) [1] , [2] , micro-structured photonic crystal fibers (PCFs) [3] , and interferometers including Sagnac interferometers [4] , MachZehnder interferometers (MZIs) [5] , [6] and Fabry-Pérot interferometers (FPIs) [7] - [10] . According to the operation principles, optical fiber pressure sensors can be divided into two types: rely on cavity length change or cavity refractive index (RI) variation respectively. For the first type, to increase the sensitivity, the diaphragm with thickness of tens of micrometers or thinner needs to be employed, and the sensitivity obtained can reach tens of nm/MPa [9] - [12] . However, the sensor head becomes rather fragile. The second type pressure sensors are based on RI variation of glass fiber or air in the cavity. The glass fiber has a large Young's modulus and a small elasto-optical coefficient, which leads that the RI variation induced by gas pressure is very small, thus resulting in low pressure sensitivity (tens of pm/MPa) [2] - [4] , [7] . The pressure sensor structures based on relatively large RI change of air in the cavity include dual capillaries [15] , open-cavity FPIs [16] , [17] , and the open-cavity MZI with twin-core fiber [5] or inner air bubble [6] , such sensors have high pressure sensitivity (in the order of nm/MPa); however, the simultaneous measurement of gas pressure and temperature is still an issue to be addressed. In this paper, an optical fiber FPI (OFFPI) gas pressure sensor based on an inner air-cavity with a micro-channel is proposed. The inner air-cavity is formed by using a femtosecond (fs) laser to drill a micro-hole at the end facet of a cleaved SMF before fusion splicing it to another section of SMF, and then creating a micro-channel to vertically cross the air-cavity to allow gas to flow in. In order to compensate the surrounding temperature effect, multiple-dip tracing technique and Fourier band pass filtering (FBPF) method are used to simultaneously measure gas pressure and temperature. The sensor proposed exhibits robust tip structure, miniature size (with dimension < 200 μm) and high pressure sensitivity of ∼4.028 nm/MPa and is ease of fabrication, which makes it attractive for highly sensitive and precise gas pressure sensing.
Device Fabrication and Operating Principle
The proposed device is shown schematically in Fig. 1 , including its fabrication process and microscope image. The sensor consists of an OFFPI with a tip structure. To fabricate the device, fs laser pulses were launched into a confocal microscope (Olympus, BX51M). The wavelength, pulse duration and repetition rate of the fs laser were 800 nm, 35 fs and 1 kHz, respectively. The objective lens had an amplification factor of 20× and an NA value of 0.45. Firstly, fs laser was focused on the cleaved end facet of a SMF, S1, to create a micro-hole, as shown in Fig. 1(a) . The pulse energy of laser used in our experiments was ∼4 μJ. S1 was spliced with another section of SMF with a cleaved end facet, S2, as shown in Fig. 1(b) . Table 1 lists the key parameters adopted for our fusion splicer (FSM-80S) from Fujikura. An ellipsoid bubble was formed, as shown in Fig. 1(c) , which acted as a FP cavity with length of ∼72.8 μm. The fiber tip of S1 was then cleaved, and the whole fiber length became ∼124.8 μm. Finally, a micro-channel with diameter of ∼44.5 μm was fabricated to vertically cross the air-cavity, as shown in Fig. 1(d) , to allow gas to readily flow in. In practice, the diameter of the micro-channel can be further reduced to ∼10 μm or less by optimizing the laser beam launching into the objective lens. To fabricate the micro-channel, laser beam was focused on the top lateral wall of the inner bubble, and then the fiber tip was shifted up step by step by controlling the 3-D translation stage, until the channel was formed. Fig. 1(e) shows the micrograph of the fabricated sensor, and all the experiments carried out in this work were based on this device.
The proposed device contains three reflection mirrors, M1, M2 and M3, respectively, as shown in Fig. 1(d) , which form three cavities. The first cavity consists of M1 and M2. The second cavity is formed by M2 and the end facet of SMF, M3. The third cavity is composed of M1 and M3, and has the longest cavity length of the three. In the case of three-beam interference, the total intensity can be expressed as
where A1, A2, and A3 denote amplitudes of the light from three mirrors; φ 1 and φ 2 represent the propagation phase variations in the first and the second cavity, given by
where λ is the wavelength of launching light; L 1 and L 2 denote the cavity lengths of the first and the second FPI, respectively; n ai r is the RI of gas in the air-cavity, and n e f f is the effective RI of the longitudinal guided-mode in the glass-cavity. Fig. 2 shows the reflection spectrum of the fabricated OFFPI at normal atmospheric pressure and its corresponding fast Fourier transform (FFT). Two peaks, A and B, are dominant in the frequency domain near 0.060 /nm and 0.190 /nm with optical path lengths (OPLs) of 144.15 μm and 456.48 μm, respectively. This is consistent with the interferences produced by the cavities of M1-M2 and M1-M3, respectively. Meanwhile, according to the following equation:
where n and l denote the media RI and the length of the cavity. The cavity lengths were calculated as 72.1 and 196.1 μm, respectively, close to the measured values. Moreover, according to the amplitudes of peak A and B, it can be concluded that the interference fringe of the device are dominated by cavity M1-M2, the effect of cavity M1-M3 is relatively weak, and the contribution of cavity M2-M3 is negligible in the output spectrum of the device. The other peaks appearing in Fig. 2 For the first air-cavity M1-M2, its OPL is related to the gas pressure and surrounding temperature because of the RI variation of air in the cavity and the variation of cavity length. Within the temperature range of 15-30°C, the RI (at 589 nm) of standard air (dry air, 101.325 kPa and with 450 ppm CO 2 content) in a sealed chamber can be described by [17] :
where n ai r , P, and t are the RI of air, the pressure (Pa), and the temperature (°C), respectively. For the detailed RI of air for visible and near infrared, new equations are provided in [18] .Obviously, n ai r would increase with the increase of P. Since the cavity is filled with air whose thermo-optic coefficient is very low (∼ 10 −7 / • C) [19] , the RI variation induced by thermo-optic effect is too small to be significant. Due to existence of the air-cavity, the fiber core can free to expand in the longitudinal direction, and the air-cavity length would reduce by the thermal expansion of the fiber core. Moreover, the fiber cladding acts as the lateral wall of the air-cavity, and the cavity length would increase by the thermal expansion of the cladding. Thus, the overall thermal expansion effect would be canceled out and could be ignored [20] . Thus, the OPL of air-cavity is mainly dominated by the gas pressure. Assuming a constant cavity length, and by tracing the mth-order interference fringe dip, λ m , the pressure sensitivity of the in-fiber air FP cavity is
where dn/dP is the coefficient of RI of the gas with respect to its pressure and can be considered as a constant of 2.637 × 10 −9 /Pa at room temperature (20-25°C) according to (4) . Equation (5) indicates that the wavelength shift of the interference spectrum has an approximately linear relationship with the gas pressure in the air-cavity, and the gas pressure sensitivity can be calculated as ∼4.008 nm/MPa at 1520 nm.
For the air cavity, the effect of variation of cavity length induced by gas pressure can be coarsely evaluated. The pressure-induced length expansion is obtained using L = L F /A E , where A is the cross sectional area of the glass, it is assumed to be at the thinnest position of the air cavity lateral wall, where the wall thickness is measured to be ∼20 μm for our device, then A = π(62.5 2 − 42.5 2 ) × 10 −12 m 2 ; E is the Young's modulus of the fiber (∼72.9 GPa); F is the force applied to the air cavity and it is calculated using F = P · S, where P is the gas pressure, S is the action area and S ≈ π × 42.5 2 × 10 −12 m 2 ; L is the length of the air cavity. For an FP interferometer, the resonant wavelength shift λ m induced only by variation of cavity length L /L can be expressed as
Thus, the resonant wavelength shift induced by gas pressure of 1.0 MPa at λ m = 1500 nm can be calculated to be ∼0.0012 nm. Thus, the resonant wavelength shift due to the variation of air cavity length induced by gas pressure can be neglected in our device.
For the glass cavity M2-M3, gas pressure has little effect on its OPL because of the large Young's modulus (∼72.9 GPa) and low elasto-optic coefficient of fiber (∼0.27). However, the effect of surrounding temperature on its OPL cannot be ignored due to the RI and cavity length variation induced by thermo-optic and thermal expansion effects, which would induce resonant wavelength shift of the device. The temperature sensitivity of the glass cavity S T can be calculated as 8.4 − 10.7 pm/
• C at 1520 nm according to S T = λ m (α + ξ)s, where α and ξ are the thermal expansion coefficient (∼5.5 × 10 −7 / • C) and thermo-optic coefficient (∼5 − 6.5 × 10 −6 / • C) of fiber [21] . Thus, we can say that the air-cavity M1-M2 is sensitive to gas pressure while the glass cavity M2-M3 is sensitive to temperature. When the device is subjected to gas pressure and temperature variations, different cavities will be varied differently, resulting in different spectral responses. Since the reflection spectrum of the device results from the combined effects of individual cavities, different peaks and dips have different sensitivities, depending on the dominant cavity on the specific resonate wavelength. Such a feature of our proposed device provides the possibility for simultaneous gas pressure and temperature sensing by tracing different peak or dip wavelengths. Furthermore, FBPF method is also adopted to make the multiple parameter detection more effective. Fig. 3 shows the experimental setup for gas pressure sensing. The OFFPI is connected to one output of a circulator and sealed in a gas chamber. The input of circulator is connected to a broadband light source covering the wavelength range of 1480-1600 nm and another output is connected to an optical spectrum analyzer (OSA, Yokogawa, AQ6370D). In our experiments, the wavelength resolution of OSA is 0.02 nm. The used chamber is a glass capillary with inner and outer diameter of 500 μm and 900 μm, respectively, and the gas pressure in it can be controlled by an air pump (Wisdom Billition, Y039) with a resolution of 0.04 MPa by use of a commercial gas pressure meter (Zhituo, YB-150). The maximum pressure in the chamber can reach 1.2 MPa. Fig. 4 displays the measured interference spectra of our device within the pressure range of standard atmosphere up to 1.2 MPa at room temperature (∼25°C). It can be seen that the spectral shift of the fringe pattern to longer wavelength and different dips exhibit different sensitivities with the pressure variation. Fig. 4(b) gives the wavelength shifts versus pressure of the two selected adjacent dips C (at 1510 nm) and D (at 1518 nm). Obviously, the two dips have different responses to the gas pressure, and the sensitivities obtained are ∼1.82 nm/MPa and ∼0.965 nm/MPa, respectively. The temperature response of our device was also tested by placing it into an electrical oven with a resolution of 1°C. Fig. 5(a) demonstrates the measured spectra within the temperature range of 20-80°C, which exhibits a small red shift. Fig. 5(b) shows that dip C and D have different responses to temperature, and there is good linear relationship between the temperature and wavelength shift of these two dips with R 2 of 0.9946 and 0.9959, respectively. Their temperature sensitivities are ∼3.7 and ∼8.3 pm/
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• C, respectively.
Multiple-Dip Tracing Method
As observed above, different tracing dips in the interference spectrum have different linear responses to pressure and temperature, which exactly satisfies the conditions of constructing a matrix of order two for simultaneous pressure and temperature measurement. For our sensor, by inserting the sensitivity coefficients of pressure and temperature measured above, it yields P T = 1.820 0.0037 0.965 0.0083
where P (MPa) and T (°C) are the pressure and temperature variations, respectively; λ 1 and λ 2 are the wavelength shifts (nm) of the tracing dips from originally measured interference spectrum. As λ 1 and λ 2 in the output fringe spectrum can be measured simultaneously and conveniently, P and T can be determined by using (6) .
To prove the validity of (6), the simultaneous gas pressure and temperature measurement performance of the device was experimentally carried out. The gas pressure in chamber was adjusted from 0.2 MPa to 1.2 MPa in a step of ∼0.2 MPa while the temperature was set at 25°C, 35°C and 45°C, respectively and the results obtained are shown in Fig. 6 . It is found that the calculated values according to the matrix method are very close to the values applied with the maximum errors of ∼25 KPa and ∼1.2°C for pressure and temperature, respectively, which indicates that the matrix method is valid within the gas pressure range of 0-1.2 MPa.
Here, two issues should be noted. The first one is that for a certain device the sensitivity matrix in (6) directly depends on the dips chosen. By tracing different dips, different sensitivity matrixes maybe obtained. The second issue is that for the devices with different structure parameters (in practice, it is hard to produce devices with exactly the same structure), different interference spectra lead to the different sensitivity matrixes, thus limiting the mass production of this type of sensors. 
Fourier Band Pass Filtering (FBPF) Method
From the operation principle described above, the OFFPI has distinct frequency components in its output spectrum. As shown in Fig. 2(b) , two peaks, A and B in the Fourier transform of output spectrum, correspond to different interferometer cavities which are varied individually by the gas pressure or temperature, or both. Thus, the first frequency peak, corresponding to the open air FP cavity, can be used for gas pressure measurement, and the second peak, corresponding to the fiber FP cavity M1-M3, can be used to detect the temperature. In order to analyze the small OPL changes of these two FPIs separately, the measured original spectra were processed by using FBPF method. Fig. 7(a) shows the filtered spectra obtained at different pressure, within the wavelength range of 1480-1575 nm. The band pass frequency range was set as 0.0400-0.0800 nm -1 to exactly cover the peak A in Fig. 2(b) , i.e., the interference patterns produced only by air-cavity were extracted. The filtered interference patterns look like sine curves, and are shifted to longer wavelengths with the increase of gas pressure. Fig. 7 (b) presents dip wavelength shifts versus gas pressure and the linear fitting results. Here, the dips M and N are arbitrarily chosen from several dips within the wavelength range. It can be seen from the figure that these dips exhibit almost the same response to the gas pressure and have a sensitivity of ∼4.028 nm/MPa. The measured sensitivity is very close to the estimated value of 4.008 nm/MPa, while the minor difference between them may be resulted from surrounding temperature. Compared to the previously reported fiber pressure sensors with fiber glass cavity [2] - [4] , [7] , [22] , our device working on the dependence of air RI on gas pressure exhibits a much higher sensitivity and a miniature size. Although the sensitivity is still lower than those of the fiber FPIs based on diaphragm structure [12] - [14] or the MZIs based on twin-core fiber (∼9.6 nm/MPa) [5] , our device is more robust and only use SMF. Furthermore, it is found that all the dips including M and N in Fig. 7(a) exhibit similar response to gas pressure, and their wavelength shifts are nearly the same within the error range, which is understandable according to the analysis on the air-cavity and the principle of FBPF described above. This indicates that by using FBPF method, the gas pressure sensitivity does not depend on the choice of tracing dips, and all the dips have essentially the same pressure sensitivity.
Similarly, the measured spectra at different temperatures, as shown in Fig. 5 (a), were also filtered by using FBPF method. Here, the band pass frequency range was set as 0.1600-0.2200 nm −1 to exactly cover the peak B in Fig. 2(b) , thus only the interference patterns produced by the cavity M1-M3 (i.e., the hybrid cavity combined by air-cavity and glass cavity) was extracted. Fig. 8(a) shows the results obtained. By tracing any two dips P and Q within the wavelength range, their wavelength shifts with the variation of temperature were obtained and demonstrated in Fig. 8(b) . It can be seen from the figure that the two dips have nearly the same response to temperature since the difference between their wavelength shifts for each temperature is less than 0.02 nm which falls within the wavelength resolution of the OSA used. A temperature sensitivity of ∼7.1 pm/
• C was obtained, close to the calculated temperature sensitivity of glass cavity M2-M3. Moreover, the other dips in Fig. 8(a) were also investigated and it was found that their temperature sensitivities were nearly the same as that of dips P and Q.
The FBPF method can be used for simultaneous measurement of gas pressure and temperature. By using the following matrix equation: P T = 4.028 0 0 0.0071
where P (MPa) and T (°C) are the pressure and temperature variations, respectively; λ p and λ T are the wavelength shifts (nm) of the tracing dips from interference spectra filtered after. The pressure and temperature coefficients can be obtained by fitting the data presented in Figs. 7 and 8, respectively. Hence one can determine the gas pressure and temperature simultaneously.
Compared to the multiple-dip tracing method described above, the FBPF method provides the possibility to analyze the response of certain cavity in an independent manner. Such a method is very effective to determine gas pressure and temperature and not rely on the dips traced.
Conclusion
In summary, a sensor based on an inner air-cavity with a micro-channel has been proposed and demonstrated for gas pressure measurement. The device is fabricated by using fs laser micromachining. Due to the short section of SMF cascaded to the air-cavity, a three-beam interference pattern is produced, which shifts with the variation of gas pressure due to the dependence of gas RI in the cavity on the pressure. In order to compensate the temperature effect, multiple-dip tracing technique and FBPF method are used to simultaneously determine pressure and temperature. Moreover, it is found that FBPF method can effectively eliminate the dependence of pressure sensitivity on the choice of tracing peaks or dips in the filtered spectrum. The proposed device has a robust fiber-tip structure, miniature size and high sensitivity (∼4.028 nm/MPa.) and is easy to fabricate, which makes it attractive for highly sensitive and precise gas pressure sensing.
